Abstract-A numerical model for predicting the multipactor breakdown effect in wedge-shaped hollow waveguides is presented in this paper. The computation of electromagnetic fields is based on the boundary integral-resonant mode expansion method, which provides the modal chart of hollow waveguides with any arbitrary cross section. The advantage of using wedge-shaped waveguides with respect to conventional rectangular ones is the deviation of the resonant paths of the electrons toward regions with lower voltages, thus reducing the probability of multipactor threshold for certain input power. To validate this method, our results have been compared with simulations from previous theoretical studies. Once the simulation tool is validated, it is used to predict the multipactor threshold of wedge-shaped waveguides with different symmetric inclination angles of their horizontal plates. Finally, susceptibility curves as the ones already available for rectangular waveguides are presented. These charts are useful for designing innovative waveguide geometries with improved multipactor-free working power ranges.
I. INTRODUCTION
M ULTIPACTOR (MP) is a discharge phenomenon that occurs in RF components operating under vacuum condition [1] . When the free electrons synchronize with the RF field oscillations in the device, an avalanche reaction of the electron population may occur and lead to one or several discharges. These discharges can increase the return losses of the component as well as its temperature. Sustained MP discharges cause outgassing of the walls and even ionization breakdown, which may physically damage the structure and completely disrupt its performance [2] . This RF breakdown effect has been subject of numerous studies for over 70 years since it may affect a broad range of high-power components and applications, such as passive RF filters for space applications [3] , microwave generators and power amplifiers like klystrons and traveling-wave tubes [4] , or particle accelerators like cyclotrons [5] .
Focusing on microwave hollow waveguides for space applications, it would be desirable to increase their MP-free power range while keeping its size, mass, and electrical behavior. A practical option is to use waveguides with wedge-shaped cross section (CS) instead of the conventional rectangular one. Instead of having parallel top and bottom walls, the wedged CS is achieved by introducing a symmetric inclination angle α between them, as shown in Fig. 1 .
This idea was originally introduced for particle accelerator systems in [6] and [7] , and then, it was successfully applied and tested with a bandpass filter operating in the X-band for space applications [8] , [9] . Following the interest toward wedgeshaped waveguides [6] - [9] , an extended theoretical study of their MP discharge behavior concluded that these waveguides do also have a trapped electron trajectory (see [10] ), which defines a critical initial position where the electrons should be launched for the MP prediction simulations.
The consequent step forward is to quantify the real advantage of using wedge-shaped waveguides and facilitate their application to more complex designs. In order to achieve such an aim, in this paper, we derive MP susceptibility curves for wedge-shaped waveguides, analogous to the ones existing for rectangular and parallel plate geometries [11] .
0018-9383/$26.00 © 2010 IEEE For this purpose, an efficient simulation tool has been developed, which follows the 3-D trajectory of an effective electron inside an infinite wedge-shaped hollow waveguide. For each input power step, the electron is launched several times with different initial RF phases. The secondary electron emission coefficients (SEECs) obtained in each wall collision are accumulated in a variable for each launched electron. Unlike [6] and [10] , where the wedge-shaped waveguide has circular arcs as sidewalls to facilitate its analysis, this paper considers completely straight parallel sidewalls, which are easier to manufacture and are more realistic. A consequence of this is that the electromagnetic (EM) fields cannot be solved analytically (see [6] and [10] ). In order to compute the required EM fields, our software code follows the boundary integral-resonant mode expansion (BI-RME) method (see [12] and [13] ), which can provide the complete modal chart of any arbitrarily shaped CS. Another difference with respect to previous publications is the tracking of the electron trajectory in 3-D space, which can allow further studies of nonuniform real waveguide structures.
After this introduction, Section II presents the efficient and accurate computation of the required EM fields. Next, Section III describes the main features of the developed software tool for predicting MP, including some validation results. Then, in Section IV, a parametric study for the identification of the optimal inclination angle between the top and bottom plates of a wedge-shaped hollow waveguide is performed. For the first time to the authors' knowledge, susceptibility maps for wedgeshape waveguides are presented, namely, in Section V. Finally, some conclusions and future research areas are summarized in Section VI.
II. ACCURATE COMPUTATION OF EM FIELDS
As it is detailed in Section III-A, in order to calculate the trajectories of the electron within the wedge-shaped waveguide, the computation of its EM fields is needed. The wedged geometries considered in this paper are similar to rectangular waveguides, but their top and bottom walls are symmetrically inclined (see Fig. 1 ). Unlike the annular section waveguides proposed in [6] and [10] , its sidewalls are completely straight; hence, its RF fields cannot be calculated analytically.
The fields of the CS geometry under consideration are computed by means of the BI-RME method [13] . The BI-RME technique efficiently computes both the modal cutoff frequencies (eigenvalues) and the electric and magnetic field patterns (eigenvectors) of the wedge-shaped waveguide as a solution of two generalized eigenvalue problems related with the TE and TM modes of the reference rectangular waveguide (see [12] and [13] ). The normalized transverse electric fields of the arbitrary waveguide modes can be computed as
where m = 1 for the fundamental mode, which is the one with the lowest cutoff frequency, and symbolizes the reference standard rectangular waveguide. The term ·; · is the coupling integral in the wedged CS between the arbitrary waveguide mode and a certain one of the set of rectangular waveguide modes, and is calculated as follows:
These coupling integrals are provided by the BI-RME method [13] , whereas the modes of the rectangular waveguide have a well-known analytical form [12] . However, the direct evaluation of the series in (1) with sufficient accuracy for every iteration step of the electron trajectory algorithm would have an extreme computational cost. In order to increase the efficiency of our numerical code, we just compute the normalized EM fields in a grid of the wedged CS, which is then interpolated in order to retrieve the actual fields in the current position of the electron.
Since waveguides are usually operated at frequencies where only the fundamental mode (m = 1) is propagating, in MP prediction simulations, this will be the one chosen to interact with the electrons. In conventional rectangular waveguides, the fundamental mode is a T E 10 mode. Analogously, wedgeshaped waveguides with small inclination angles, like the one in Fig. 1 , have T E 10 -like electric field patterns for their fundamental mode and also similar cutoff frequencies than the ones of rectangular waveguides with the same width. With increasing inclination angles (α > 30
• ), the field patterns have a stronger deformation, and the differences between the cutoff frequencies of the first and second propagating modes decrease. Section IV gives more detailed information on this topic, studying the waveguide properties in terms of the inclination angle between the plates.
III. MP PREDICTION TOOL

A. Electron Dynamics
It is assumed that the electron dynamics are governed by the following Lorentz force equation:
where q = −e is the electron charge, E and B are, respectively, the electric and magnetic fields interacting with the electron, and v is the velocity vector of the electron. The linear momentum is defined as p = m 0 γ v, where m 0 is the electron mass at rest, γ = 1/ (1 − (v/c) 2 ) is the relativistic factor, with v being the magnitude of the velocity vector, c = 1/ (μ 0 0 ) is the free-space velocity (where μ 0 is the free-space magnetic permeability, and 0 is the free-space electric permittivity), and t is the time.
The differential equation in (3) is solved by means of the velocity Verlet algorithm (see [14] and [15] ). As it is shown in [16] , this ensures accuracy and reasonable numerical efficiency provided that enough time steps (750 steps per RF cycle in this paper) are chosen. Although the relativistic component of this equation can be discarded for the typical power ranges of most space waveguide devices, it should be considered for plasma physics applications due to the extreme speeds reached by the electrons at the working power ranges.
Following this algorithm, we have computed the trajectories of two electrons inside a wedge-shaped waveguide similar to the one considered in [6] and [10] , which are plotted in Fig. 2 .
B. Algorithm for MP Prediction
In order to study the MP phenomena in waveguides with arbitrary CS, we have followed a traditional effective electron model [17] , but modified according to [18] . Essentially, we have tracked the trajectories of M effective electrons, each one launched at equidistant phases within the RF cycle of the input signal, and then, we have analyzed the generation of secondary electrons in the wall collisions.
The electrons are launched from a common position in the waveguide walls with a fixed initial velocity vector. The trajectory of each effective electron is found by solving numerically its equation of motion (3), detecting, in this way, the collisions with the metallic walls of the waveguides (see the simulation example shown in Fig. 2) .
When a collision happens, an electron can be elastically reflected or can produce true secondary ones. In the latter case, instead of tracking all the new emitted electrons, the SEEC δ is computed, which describes the average number of secondary electrons emitted by this incident particle [19] - [21] . Its value depends on the kinetics of the impact and the electric properties of the metallic surface. The effective electron is reemitted from the impact location with a velocity given by a Gaussian model distribution (corresponding to a Maxwell-Boltzmann energy distribution) with configurable mean and standard deviation depending on the material of the walls. The launching angle of such an electron is obtained using the cosine law distribution [22] . The tracking of the electron finishes when one of the following conditions is fulfilled: maximal RF signal cycles, maximum number of collisions, minimum SEEC in one collision, or minimum accumulated SEEC.
The accumulated collision coefficient for each effective electron is called the multiplicity function (formulated in [17] ) and is calculated as follows:
where j denotes the effective electron index, n is the total number of impacts (usually 20), i is the index for each impact, and δ
is the SEEC calculated for each impact. For each power step, the multiplicity factors from the M launched electrons can be added together to compute the "enhanced counter function" [17] or the secondary sum. When this function has values higher than M , it indicates a statistical electron growth and, therefore, a risk of MP. The lowest power value at which the RF MP breakdown is likely to happen is known as the MP power threshold of the waveguide. The corresponding voltage value at this power threshold is known as the MP voltage breakdown threshold V th .
Typically, there are ranges of input power with MP risk, called MP "windows," interleaved with inactive power ranges from an MP point of view. These windows are the result of MP phenomena of different order [1] , [3] .
C. Prediction of the Launch Position of the Initial Electron
In MP prediction simulations, electrons should be ideally launched into trapped trajectories, since they provide stable resonant paths and may result in the highest breakdown probability. In rectangular waveguides, a trapped electron trajectory exists in the center of the CS (i.e., x = 0 in Fig. 1 ). Electrons launched at such point in the y direction do not drift toward the sidewalls [23] , as long as the rebounds in the collisions are specular (as it is assumed in the simulations in [6] ). This can be simply deduced from (3): The electric field of the T E 10 mode has no component in the x direction, nor has the cross product of v × B, since the magnetic field has no z component at the x = 0 plane. Therefore, the electron will remain in this trapped trajectory, where, in addition, the electric field has a maximum, which constitutes a worst case for MP breakdown risk. Even considering a spread in the launch angle after a collision, like in [10] , [23] , and in this paper, the electrons statistically tend to stay in this trapped electron trajectory.
In [10] , it is theoretically demonstrated that annular section waveguides, which are similar to the wedge-shaped waveguides object of this paper (see Fig. 3 ), also contain trapped Fig. 3 . Definition of the dimensions of an annular section waveguide and its corresponding wedge-shaped waveguide (convention in this paper). R 1 and R 2 are the internal and external radii of the annular section, and R crit is a critical radius with a trapped electron trajectory.
trajectories. In [10] , it is proposed to estimate such location as the solution to the following:
where A(r) is the vector potential of the fundamental mode of the EM field in annular section waveguides, φ 0 is the phase of the RF signal at which the electron starts to interact, and R 0 is the radius of the trajectory within the waveguide. Equation (5) assumes a zero initial velocity of the launched electron and results in a set of trapped, although unstable, trajectories. This is due to the fact that the solution of the equation depends on φ 0 , opposed to the rectangular waveguide, where the trapped electron trajectory is independent from this parameter and, therefore, more stable. Due to the fact that the electric fields in the wedge-shaped waveguides are expressed as summation of weighted rectangular waveguide modes, the derivation of a critical initial position after solving a formula analogous to (5) would be extremely complicated. Instead, each wedge-shaped waveguide is approximated by an equivalent annular section geometry, and then, the same procedure based on solving (5) can be directly followed. The correspondence wedge-to-annular section waveguide is defined as shown in Fig. 3 . The approximation is assumed to be valid for values of α < 90
• , which is the case for all the geometries under study in this paper.
The strategy for the MP simulation is to launch the initial electrons from the bottom wall of the wedge-shaped waveguide into one of those critical radii R crit by setting an initial velocity vector tangential to them. The corresponding critical launching locations in the XY plane can be easily computed as follows:
where R 1 and R 2 are defined in Fig. 3 , and h 1 and h 2 are defined in Fig. 1 . In [10] , an R crit = 320.7 mm was chosen for a wedgeshaped waveguide with dimensions R 1 = 216 mm, R 2 = 648 mm, α = 0.23 rad, and f = 500 MHz, when φ 0 = 0. However, (5) provides a whole range of critical radii, from 320.7 to 412.1 mm, for the different initial phases, as shown in Fig. 4 . It has to be noted that the derivation of (5) is done assuming a zero initial velocity of the electron, which is not the case in our simulations. A nonzero velocity complicates the calculation of the stable trajectory of the electrons and does not lead to such a simple closed expression as (5) . Hence, it should only be interpreted as a first approximation.
Nevertheless, it is not likely that all trapped trajectories/critical radii have the same impact on the MP behavior of the geometry. The influence of other issues, like the voltage distribution along the waveguide CS, has been considered for establishing additional criteria to identify an eventual "optimal" radius (the highest likelihood of MP breakdown) within the predicted critical range. The concept of "voltage" in wedgeshaped waveguides is not obvious. In this paper, we define it as the line integral of the electric field in a waveguide arc (8) , thus depending on the radius where it is calculated, i.e.,
This is done so, since the potential trapped electrons will tend to follow the electric field vectors, which, in the wedgeshaped waveguide, approximately describe an arc geometry (see Fig. 1 ). The integral is calculated numerically with the Simpson method [24] . If the voltage is calculated for all radii of the wedge-shaped waveguide proposed in [10] , a curve like the one shown in Fig. 5 is obtained. By overlapping the voltage (solid line) with the critical radii range (shadow region with dashed bounds) shown in Fig. 4 , we can observe the relations between them.
Since the MP behavior of a structure is closely linked with the voltage, we can make the assumption that, among the critical radii, the optimal one for MP prediction should be the one with the highest voltage and, therefore, the one which crosses the x-axis at x = −19.9 mm in Fig. 5 . This is the limit of the trapped trajectory region closest to the broader sidewall. Additionally, the fact that the maximum voltage is located outside the trapped trajectory region evidences the effectiveness of wedge-shaped waveguides in increasing the MP threshold. This issue contrasts with rectangular waveguides, where the voltage maximum is always in the same location as the trapped trajectory.
The methods for the prediction of the launch position of the initial electron proposed in this section have to be demonstrated by means of appropriate simulations, as follows in Section III-D. The additional influence of the voltage in the choice of the optimal trapped trajectory and in the overall MP performance will be verified in Section IV.
D. Numerical Validation
In order to validate our software tool, its results are first compared with the ones from [6] and [10] . Our simulations try to reproduce the same conditions, waveguide dimensions, and material properties. Since the power range in all cases is relatively high, the relativistic effect is considered when calculating the electron motion.
Two structures proposed in [6] were chosen for the first comparison, both excited at f = 500 MHz: on one hand, a rectangular waveguide with dimensions a = 432 mm and b = 102 mm, and, on the other hand, an annular section waveguide with dimensions R 1 = 216 mm, R 2 = 648 mm, and α = 13.2
• . For our convenience, the annular section was converted into an equivalent wedge-shaped waveguide with the following characteristics: a = 432 mm, h 1 = 49.9841 mm, h 2 = 149.952 mm, and α = 13.2
• . It has to be noted that the widths of the rectangular and wedge-shaped waveguides are identical, which allows similar simulation conditions and a comparison between both results. The material of the waveguide walls is niobium, and its characteristic SEEC curve can be expressed as follows (see [25] ):
where u is the energy of the impacting electron (in electronvolts), δ m = 1.6 is the maximum SEEC corresponding to a maximum impact energy u m = 200 eV, and A = 1.55, B = 0.9, C = 0.79, and D = 0.35 are constants characteristic of this material. The initial electrons and all secondaries are launched with energy of 2 eV normal to the impacting surface.
In Fig. 6 , the results of our code (dotted lines) are overlaid with the reference curves in [6] (solid lines). The number of launched electrons is M = 42; hence, this is the secondary sum (enhanced counter function) value that indicates the threshold of the MP risk region.
The top plot of Fig. 6 contains the results of the rectangular waveguide, with some high-risk MP power regions. Both curves show a very good agreement in the shape and the location of these MP windows. The wedge-shaped waveguide results are shown in the bottom plot of Fig. 6 . Here, both simulation and reference curves confirm that no MP risk is expected in this case. To stay in the safe side, this simulation was repeated with different initial electron launching positions around the one chosen in [6] , i.e., 290 mm, coming to the same conclusion of no MP risk.
In [10] , a very similar geometry to the annular section considered in [6] is studied. However, there is a slight modification in the dimensions of the corresponding rectangular waveguide, namely, a = 414.9 mm and b = 103.6 mm, in order to maintain the same cutoff frequency of the fundamental mode as the one of the annular section. Instead of niobium, the material of the waveguide walls is a silver type with the following characteristic SEEC curve (see [10] ):
where δ m = 2.22, = u/u m , u m = 519 eV, υ( ) = 0.62 if < 1, and υ( ) = 0.25 if > 1. Furthermore, a spread of the emission velocity and the emission angle after a collision is considered [10] since this is a more reliable method than considering a fix rebound of [6] for detecting an MP risk in wedge-shaped waveguides. The average emission energy is 2.92 eV, with a spread that follows a 2-D Maxwellian function (emission energy and angle). The initial electrons are still [10] ). In both cases, M = 1000 is the number of initial electrons launched at equidistant RF cycle phases and also the secondary sum threshold value. Twenty maximum wall impacts; 1000 maximum RF cycles; minimum impact energy 0.1 eV; minimum accumulated SEEC 10 −3 .
launched with a velocity vector normal to the wall. The results for both waveguides (the rectangular and wedge-shaped ones) are included in Fig. 7 . Although an almost perfect match can be observed in the rectangular waveguide curves in the top of Fig. 7 , the wedge-shaped waveguide simulation in the bottom shows a relatively different shape than the reference curve of [10] . However, the lower and upper MP power limits (≈0.5 and ≈1.6 MW, respectively) fit reasonably well. Next, we explain the reasons for this discrepancy and the implications of these simulation results.
According to Section III-C, the optimal electron initial position for the wedge-shaped waveguide MP simulation should lie around the largest radius within the trapped range (R crit ≈ 400 mm) since the voltage is higher there (see Figs. 4 and 5 ). This differs from the strategy of [10] , where the simulation was done at 320.7 mm, which is the lowest radius of the trapped range. Looking back at the same simulation in [6] , an even lower electron launch radius of 290 mm is used.
In order to verify the best approach, a series of simulations were performed with a sweep along the full range of initial electron positions. With a launching position corresponding to the radius considered in [10] (320.7 mm), no secondary sum value exceeding the threshold was found along the whole defined input power range. In fact, only the simulations with initial radii between 354 and 415 mm show MP risks for at least one of the input power steps. Nevertheless, this proves the existence of a range of trapped electron trajectories.
Within this initial radius range with MP risks and for each power step, a sweep over all phases of the initial electron, which is the instant when the electron starts to interact with the EM fields, was performed. The phase of the initial electron, at which the MP resonances were stronger, was almost the same for all launch positions and power steps. This seems to contradict the theory expressed in [10] (see also Fig. 4) , which states that, for each phase of the initial electron, a different launch radius should contain the trapped trajectory. The fact that in our simulations, as well as in [6] and [10] , the initial velocity of the electron is different from zero (2.92 eV), which is needed in order to avoid too long simulation times, disturbs this dependence. As already suggested in Section III-C, probably just the trapped trajectories with the highest voltage will determine the highest MP resonances. The nonzero initial velocity of the electron and the random direction of the electrons after a collision motivate that electrons end up in this more sensitive trapped trajectories, even if originally launched from other radii. Thus, if the initial speed vector remains constant, all simulation iterations will tend to have similar phase values of the initial electron that result in the strongest MP resonances.
The optimal (critical) initial radius has been identified at around 390.1 mm (the one used for the simulation of the wedgeshape case in Fig. 7) . There, the amounts of power values with MP risks are the biggest ones, the lowest power threshold is found, and the peaks of the enhanced counter function curve are maximum, which means that the resonant mechanism of the electrons is the strongest there.
These simulation results indicate a good agreement with the prediction of 400 mm of Section III-C, which combines the information of the trapped electron trajectory range prediction with the voltage calculations. In Section IV and Table I , it will be analyzed if this initial position prediction strategy is generally applicable to any wedge-shaped waveguide with arbitrary inclination angles.
The fact that no MP risk was detected at the initial position of 320.7 mm, which contradicts the result of [10] , and the different curve shapes in the bottom of Fig. 7 , might be due to several facts. As explained before, we are dealing with "equivalent" but not identical waveguide CSs, i.e., annular section and wedgeshaped ones. In addition, both software codes implement completely different algorithms to calculate the EM fields. Small discrepancies in the distribution of the fundamental mode in the CS might motivate displacements of the critical radii and the voltage distribution. Nevertheless, the agreement between both secondary sum curves is still good, mainly in the location of the limits of the MP risk windows.
IV. STUDY OF THE OPTIMAL INCLINATION ANGLE
Here, the optimal inclination angle α between the top and bottom plates of the wedge-shaped waveguide is discussed. The simulation parameters and waveguide material properties are the same ones used in Section III-D for the waveguide examples of [10] . Several wedge-shaped waveguides with inclination angles between 1
• and 60
• have been simulated (all at f = 500 MHz), and the results are summarized in Table I .
Each row contains the inclination angle and dimensions of the wedge-shaped waveguide, the launch positions of the initial electrons with trapped trajectories, the computed voltage, and (5) and selecting the extreme limits (see Fig. 4 ), whereas the simulated start/end values correspond to the range of initial electron launch positions where the MP simulation showed at least one power step with MP risk. The initial launch position with the max MP threshold (higher enhanced counter function values and lower power threshold, and, therefore, the optimal for MP prediction) and the maximum voltage were derived like in Section III-D. The position of the initial electron located in this arc is also included. The voltage value for maximum MP corresponds to the voltage along the arc that contains the simulated launch position with maximum MP. It has to be noted that for the wedgeshaped waveguides with inclination angles between 42
• , the working frequency of 500 MHz also allows the second mode to propagate. However, in this paper, we only consider the excitation of the waveguide through its fundamental mode.
Several conclusions can be extracted from this table. First, the predicted start/end initial positions of the electrons are similar to the simulated ones. The simulated position ranges are larger than the predicted ones for small inclination angles. This might be due to the random rebound angles after a wall collision, which might push back the electrons to trapped trajectories, even if the initial launch position is outside of them. With increasing inclination angles (α > 20
• ), the predicted start position gets closer to the "narrow" part of the wedge shape, whereas the simulated position does not. The justification is that, although resonant trajectories may theoretically exist close to the "narrow" part, the voltage there is too low to generate detectable resonances that lead to the MP effect. Finally, we can see that the initial position with maximum MP risk is always located close to the simulated end position. We can understand this if we realize that the maximum voltage arc is systematically closer to the "broad" part of the wedge shape, and, therefore, the voltage along the critical initial position range increases with the radius (see also Fig. 5 ). The MP-enhanced counter function curves do not change much when modifying the initial launch These results prove that the approach suggested in Section III-C can be successfully applied to limit the computational effort of the MP predictions for any wedge-shaped waveguide type since only the identified limited range of initial positions has to be simulated.
Concerning the maximum voltage values, they remain very similar to the one of the rectangular waveguide, as long as the average height of the waveguide keeps constant. Once the average height starts to increase (α > 25
• ), the maximum voltage logically increases for the same input power. However, the radius where the strongest MP risk was simulated does not correspond to the position of the maximum voltage. In fact, we can see that the voltage at the position of the strongest MP risk continuously decreases with increasing inclination angles with equal average height. Fig. 8 shows the voltages and MP thresholds over the different inclination angles. The simulation prediction for the rectangular waveguide shows a constant threshold of 170 kW. The MP thresholds of the wedge-shaped waveguides quickly rise with increasing α and stabilize around 230 kW, around 40% higher than the one of the equivalent rectangular waveguide threshold. This proves the assumption that wedge-shaped waveguides have a better MP-free power range than rectangular ones. Even small inclination angles present this increment in the MP threshold with respect to the rectangular case.
We can observe that the MP threshold quickly rises with respect to the rectangular waveguide case, even for minimal inclination angles. Between 5
• and 20
• , it remains almost constant, and from 25
• on, it rises continuously. However, it has to be noted that this latter rise in the threshold corresponds with the mentioned increase in the mean height of the waveguides.
Concentrating on the voltage curve in Fig. 8 , the first remarkable fact is that there is a minimum around 25
• . In other simulated waveguides, where inclination angles of 30
• could be designed without increasing the average height, a continuation in the decreasing tendency of the voltages was observed. This suggests using inclination angles around these values or the biggest angle possible below them with equal waveguide mean height. Inclinations between 5
• and 30
• are also a good design compromise, as they have MP threshold values very similar to the optimum case, offering approximately 40% higher power threshold than the equivalent rectangular waveguide.
V. SUSCEPTIBILITY MAPS
A. Definition
The MP susceptibility maps for a parallel plate model are defined as follows: The abscissa corresponds to the frequency gap product f × d, where d is the distance between the top and bottom plates, and the ordinate represents the voltage or the power of the input signal.
Regions with risk of MP are highlighted, creating the well-known susceptibility curves [11] that indicate the MP phenomena of all possible orders. These curves help in the design of MP-free waveguide structures, usually in rectangular waveguide devices for space applications.
In order to provide a similar tool for the design of wedgeshaped waveguides, the following susceptibility map is proposed: The frequency gap product is obtained by multiplying the working frequency by the mean height of the waveguide.
A different curve will be obtained per inclination angle of the wedge-shaped geometry.
B. Simulated Curves
By simulating a high number of wedge-shaped waveguides at different frequencies, with different gap sizes and inclination angles, the following susceptibility maps were generated. The curves (see Fig. 9 ) show the MP voltage threshold V th of the devices (first voltage, at which an MP risk is detected) and can be compared with the ones of the corresponding rectangular waveguide. The same simulation conditions and waveguide materials of Section IV are used here.
The susceptibility curves for all angles verify the results obtained in the previous sections. The V th values are always higher than in the rectangular waveguide case, which coincides with the case α = 0
• . The improvement in the V th reaches a factor of 1.35, depending, of course, on the inclination angle. Small angles up to 5
• degrees are fairly close to the rectangular threshold. V th usually increases with the angle until around 35
• , falling slightly again for higher angles. V th at 30 • seems to be the optimum for many of the cases considered in the simulation range; however, the improvement with respect to the other angles is not dramatic. For the lower f × d values (being d the mean height), no results are available for large inclination angles. No wedge-shaped geometries with such large angles were possible since the mean height was too low, and the "narrow" side of the CS reached its minimum design limit of 1 mm. When traveling toward higher abscissa values, these inclination angles become gradually feasible, like in the case of 25
• at f × d = 56 or 35
VI. CONCLUSION
In this paper, a numerical model for predicting the MP RF breakdown thresholds in wedge-shaped waveguides has been presented. The tool uses the BI-RME method in order to consider wedge-shaped waveguides with straight sidewalls, which are easier to manufacture than annular section waveguides, but much more complex to analyze.
The software tool has been verified with simulations available in the literature, and then, it has been used to analyze the MP behavior depending on the inclination angle between top and bottom walls. This allows confirming the advantage of wedge-shaped waveguides with respect to rectangular waveguides in terms of MP breakdown resistance, as they are able to handle typically 40% higher power.
The improvement of the thresholds with respect to the rectangular waveguide case has to do with the fact that the voltage values in the trapped electron trajectories are lower than the absolute voltage maxima in the CS. This depends on the inclination angle, which should lie between 5
• . Finally, susceptibility curves have been derived for this kind of waveguides. This will allow the application of these innovative geometries to more complex microwave devices, like irises, impedance adaptors, low-pass filters, bandpass filters, or multiplexers, which can attract the interest of the telecommunications and space industry or the plasma physics community.
Future work will deal with other wedge-shaped waveguides of interest and will include efficient MP threshold predictions of more complex structures. 
